We present a comparative study of two self-assembled quantum dot (QD) systems based on II-VI compounds: CdTe/ZnTe and CdSe/ZnSe. Using magneto-optical techniques we investigated a large population of individual QDs. The systematic photoluminescence studies of emission lines related to the recombination of neutral exciton X, biexciton XX, and singly charged excitons (X + , X − ) allowed us to determine average parameters describing CdTe QDs (CdSe QDs): X-XX transition energy difference 12 meV (24 meV); fine-structure splitting δ1 = 0.14 meV (δ1 = 0.47 meV); g-factor g = 2.12 (g = 1.71); diamagnetic shift γ = 2.5 µeV/T 2 (γ = 1.3 µeV/T 2 ). We find also statistically significant correlations between various parameters describing internal structure of excitonic complexes.
I. INTRODUCTION
Epitaxial quantum dots (QDs) are renowned for their diversity -in a single sample one can find QDs with different values of emission energy, anisotropy-induced exchange splitting, effective Landé factor, diamagnetic shift, and other parameters. It can be an advantage, if a single QD with particular properties (e.g., zero anisotropy splitting 1, 2 ) is required. On the other hand, such a diversity is an obstacle on the way to determine the typical behavior of QDs in a given material system.
Precise determination of a typical QD parameters requires averaging over many individual dots. In case of some characteristics, such as emission energy or g-factor, it is possible to simply measure the response of the whole QD ensemble, [3] [4] [5] [6] e.g., in photoluminescence (PL) or timeresolved Faraday rotation experiments, respectively. However, more detailed characteristics such as anisotropic finestructure splitting (FSS) can be studied directly only on a single-dot level and thus a significant number of individual dots need to be analyzed in order to draw robust conclusions about the average value.
In this work we present results of systematic comparison between the two popular II-VI self-assembled QD systems: CdTe/ZnTe and CdSe/ZnSe. We particularly focus on differences between excitons of various charge states: their binding energy, g-factor and diamagnetic shift. These quantities have been already measured for single quantum dots [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , but have not been analyzed in terms of variation across the QD population.
II. SAMPLES AND EXPERIMENTAL SETUP
We studied 3 structures with CdSe QDs in ZnSe barriers and 4 structures with CdTe QDs in ZnTe barriers. Samples were fabricated in three different laboratories (affiliations 1, 2, and 3). The growth of the structures was performed by molecular beam epitaxy (MBE) on GaAs substrates. In most cases the reorganization of the QDs was induced by a wellestablished amorphous Te or Se desorption method [18] [19] [20] for which the growth temperature was varied just after deposition of the QD formation layer. For the two selenide samples the cap layer was deposited directly on the QDs layer without changing the substrate temperature. In order to reduce QDs density in selenide samples we applied additional low level delta-doping with transition metal ions [21] [22] [23] . However, in this work we include only results obtained for individual QDs, which do not contain magnetic ions inside.
The studied samples were placed inside a magneto-optical bath cryostat with magnetic field of up to 10 T. The measurements were performed at the temperature of about 1.5 K using a reflective type microscope, which focuses the laser beam to a 0.5 µm diameter spot. This allowed us to study optical properties of well-resolved emission lines of single QDs in high magnetic fields with a polarization resolution. Complementary magneto-optical studies were performed in Grenoble High Magnetic Field Laboratory, where a helium-bath cryostat (4.2 K) with a sample was placed inside a 20 MW resistive magnet producing magnetic field of up to 28 T.
III. RESULTS
In order to present statistically significant data we have investigated over 160 individual QDs. For each analyzed QD we studied emission lines originating from the recombination of the neutral exciton X, the biexciton XX, and the charged excitons (X + , X − ). Identification of such lines has been already discussed in detail elsewhere. 8, 11, [24] [25] [26] Typically it includes the analysis of linear polarization of emission and the dependence of the PL intensity on the excitation power. Based on the PL spectra measured in magnetic field of 0-10 T we extracted parameters describing each of the studied excitonic transitions: their relative emission energies, anisotropy-induced exchange splittings, effective Landé g-factors, and diamagnetic shift coefficients γ. 
A. Relative emission energy of X, XX, X
+ , and X
−
The energy of the emission lines related to particular QD strongly depends, e.g., on the growth procedure and the QD size 20 , but in this work we focus rather on the structure of a PL spectrum of a single QD. Figs 1(a) and 1(b) present PL spectra of a single CdSe/ZnSe and CdTe/ZnTe QD. Due to the Coulomb interaction, emission lines of different excitonic complexes are shifted from the basic neutral exciton X. Relative energies of different lines may vary depending on the QD size, shape and composition. 28 However, in accordance with Ref. 25 and 27 we find that for telluride QDs the distances between the emission lines vary almost proportionally to each other ( Fig. 1(c) ). Consequently, the emission pattern stays roughly the same, except for some variation of the horizontal scale. Such an effect significantly simplifies identification of the PL lines originating from a single CdTe/ZnTe QD in the experiment. As shown in Fig. 1(c) , the situation in the selenide system is different. Distances between the X + , X − and X lines in case of the selenide QDs cannot be considered proportional to the X-XX distance. Although there exists some positive correlation between the X-X − , X-X + distances and the X-XX distance (Pearson's correlation coefficients r X − = 0.58 and r X + = 0.66, compared to r X − = 0.87 and r X + = 0.87 found for the tellurides), their relationship does not correspond to a simple proportionality (see Fig. 1(c) ). We note that while all studied CdTe QDs exhibited the same sequence of excitonic transitions in the PL spectrum, for the selenide QDs the negatively charged exciton line can be situated either on higher or on lower energetic side of the neutral biexciton line.
Another important difference between the two material systems is the average value of the relative X-XX transition energy distance. In the case of telluride QDs such an average energy distance is equal to about 12.0 meV, while for the selenide QDs the obtained average value is about twice as high and yields 23.9 meV.
B. Anisotropic exchange splitting of X and XX
By means of the PL measurements performed with a polarization resolution of detection we analyzed the fine-structure of the X and XX states for CdTe and CdSe QDs (Fig. 2) . In the case of both excitonic complexes the zero-field emission contains two lines split by the energy related to the anisotropic part of the exchange interaction between the electron and the heavy hole 10 . Such emission lines can be seen separately in two perpendicular linear polarizations of the detection. As expected, for each QD we observed the same value of anisotropy splitting of X and XX, but opposite ordering of the finestructure-split components for both complexes. This is due to the fact that X is the final state of the XX transition. In the experiment, for each studied dot we collected the PL spectra as a function of linear polarization angle of detection. Such a measurement provides information not only about the value of the fine-structure splitting (δ 1 ) but also about the in-plane anisotropy axis of each QD. Coherently with the previous reports on II-VI QDs 25,29 we do not observe any correlation between the in-plane anisotropy parameters (splitting and direction) and both the transition energy and the biexciton relative energy. For the telluride QDs the average value of the fine-structure splitting δ 1 is about 0.14 meV, whereas for the selenide QDs we found a few times higher average value of δ 1 = 0.47 meV. 
C. Zeeman effect and diamagnetic shift
The energy spectrum of the QD can be manipulated by external magnetic field. Two main effects occurring upon application of the magnetic field are a linear splitting of the states depending on the spin projection (Zeeman effect) 10, 11, 13 and a quadratic energy shift due to a finite spatial extension of the exciton wave function (diamagnetic shift) 7, 13 . The strength of these effects is parametrized with the excitonic g-factor and the diamagnetic field coefficient γ.
In our experiments we studied these parameters in the Faraday geometry with the magnetic field applied along the growth axis of the QDs. As expected, the transitions of all considered excitonic complexes exhibit a common field-induced splitting pattern comprising of two lines separated by the energy of ∆ 2 + (gµ B B) 2 , where g is the g-factor, while ∆ corresponds to the zero-field splitting (equal to δ 1 for the neutral complexes and 0 in case of the trions). In order to take into account the change of the mean emission energy (originating from the diamagnetic shift), we fitted both Zeeman branches of a given transitions with a quadratic formulas of the form E(B) = E 0 ± 1 2 ∆ 2 + (gµ B B) 2 + γB 2 , where + (−) sign corresponds to the higher (lower) energy line.
The results of the fitting are presented in Fig. 3 . The average g-factor of the CdTe QDs (g = 2.12) was found to be slightly larger than the average g-factor of the CdSe QDs (g = 1.71). More significant differences we obtained by studying the diamagnetic shift, which was found to be approximately two times higher for the telluride QDs (2.5 µeV/T
2 ) compared to the selenide ones (1.3 µeV/T 2 ), as shown in Figs 3(c,f) . These values can be expressed using a more comprehensive quantity of the spatial extension of the excitonic wave function according to a relation
where m is the in-plane reduced mass of the exciton. One should note that this expression is strictly valid only for the systems with translational symmetry in the plane perpendicular to the magnetic field (i.e., in bulk or quantum wells) 7 . By applying this formula also to the case of QDs we obtained the values of the spatial extension of the excitonic wave function in normal configuration for CdSe and CdTe QDs as r 2 = 2.4 nm and 3.1 nm, respectively. Such values stay in a good agreement with the material trends. More specifically, dielectric constant is smaller for the selenides 30 , which leads to a stronger electron-hole interaction. As a consequence, the CdSe QDs exhibit stronger exciton binding and smaller radius of the excitonic wave function. The obtained values can be also compared with the bulk exciton radii, which yield 5.6 nm for CdSe and 7.5 nm for CdTe 31 . In each system the confinement in the QD potential reduces the extension of the exciton wavefunction, yet only up to about 60%.
The most surprising findings are obtained from the correlations between the effective Landé g-factors determined for different excitonic complexes. Since each of the studied lines is related to the recombination of an s-shell hole with an s-shell electron, all these transitions for a given QD are expected to exhibit the same excitonic g-factor. Nevertheless, Y. Léger et al. 15 reported about a CdTe QD with different values of g-factors for various excitonic complexes. Our measurements corroborate this claim and demonstrate the existence of a systematic deviation between the g-factors of X, X + , and X − transitions in the whole population of the QDs. Such a systematic difference was found in both systems, but with opposite sign, as seen in Fig. 4 .
In the case of CdTe QDs we observed with perfect regularity that the g-factor of the neutral exciton is greater than the g-factor of the X − and smaller than the g-factor of the X + . The average difference between the g-factor values corresponding to X + and X was equal to 0.34, while the difference between the g-factor of X − and X was about three times smaller (0.11). For the selenide QDs we observed opposite sign of this effect: greater values of the g-factors for X − states and smaller for X + stats in comparison to X Landé factor. However, due to significantly lower mean values of the g-factor differences and fluctuations of the g-factor distribution we found a few exceptions from such an ordering. With respect to the X g-factor, Landé factor of X − state was on average larger by 0.03, while the g-factor of X + state was smaller by about 0.04. We interpret the observed differences between the g-factor values for various excitonic complexes as resulting from significant modification of the carrier wave function imposed by the presence of the other carriers in the dot. 15 We note that for both QDs systems the Landé factors of X and XX were equal for all dots within our experimental uncertainty. Such a relation is expected, since the singlet nature of the biexciton state implies that the Zeeman effect of the XX transition originates solely from the final state, i.e., the neutral exciton state. Average differences of the g-factors of X and XX states were equal 0.006 and 0.007 for telluride and selenides QDs, respectively, which is indeed much smaller than differences between the charged excitons g-factors discussed earlier.
In analogy to the study of the Landé factors, we also investigated correlations between diamagnetic shift constants for various excitonic complexes. For both QDs systems we do not observe any systematic differences, except that for selenide QDs the diamagnetic shift of the X tended to be slightly larger than for the other complexes. However, in the case of CdTe QDs we obtained similar values of the diamagnetic shifts coefficients for various excitons in a given dot.
IV. SUMMARY
By means of magneto-optical techniques we have studied and compared the two systems of self-organized QDs: CdTe/ZnTe and CdSe/ZnSe QDs. We investigated over 160 randomly selected individual QDs. To reduce the influence of the effects related to the growth technique and specific sample, we examined 7 structures fabricated in 3 laboratories. Based on such statistical approach we determined the key parameters describing magneto-optical properties of the excitonic complexes in CdTe/ZnTe and CdSe/ZnSe QDs. The average values of the characteristic parameters describing the studied QDs are summarized in Table I .
Typical spectra of individual CdTe QD contain several emission lines that form a characteristic pattern. For most of the studied CdTe dots the energy distances between the emission lines related to various charged states vary proportionally CdSe/ZnSe QDs CdTe/ZnTe QDs EX − EXX (meV) 23.9 ± 2.6 12.0 ± 1.2 δ1 (meV) 0.47 ± 0.21 0.14 ± 0.08 gX (number)
1.71 ± 0.21 2.12 ± 0.30 g X + − gX (number) −0.04 ± 0.07 0.34 ± 0.11 g X − − gX (number) 0.03 ± 0.08 −0.11 ± 0.07 γX (µeV/T 2 ) 1.3 ± 0.5 2.5 ± 1.2 to the energy distance of X and XX. In the case of selenide QDs we observed much weaker correlation of the relative energy positions of the emission lines. Furthermore, the sequence of the emission lines is not conserved for all dots, i.e., the energy of X − emission line can be either higher and lower than the energy of XX line. Analysis of the magnetic field dependence of the emission spectra revealed an unexpected effect of the systematic difference between the g-factors of various excitonic complexes, especially for the CdTe system.
The comparison between the parameters determined for CdTe and CdSe QDs is consistent with the general material trends. In particular, the smaller dielectric constant of selenides 30 leads to a stronger Coulomb interaction between the carriers, which is reflected by the higher bulk exciton binding energy. [32] [33] [34] [35] [36] Similarly, the selenide QDs exhibit larger energetic distance between the exciton and the biexciton emission lines, larger anisotropic part of the electron-hole exchange interaction and tighter binding of the carriers in the excitonic complexes evidenced by a smaller value of the diamagnetic shift coefficient. 
